Background/Aims: Previously, we found that silencing of growth arrest-specific gene 6 (Gas6) in oocytes impaired cytoplasmic maturation, resulting in failure of sperm chromatin decondensation (SCD) and pronuclear (PN) formation after fertilization. Thus, we conducted this study to determine the effect of Gas6 RNAi on downstream genes and to elucidate the working mechanism of Gas6 on oocyte cytoplasmic maturation and SCD. Methods: Using RT-PCR, Western blot and immunofluorescence, the expression levels of various target genes and the localization of heparan sulfate (HS) were analyzed after Gas6 RNAi. The roles of Gas6 in HS biosynthesis, production of ATP and GSH, ROS generation and ΔΨm were also investigated. SCD and micrococcal nuclease (MNase) analyses were used to examine the effects of HS on the open chromatin state in sperm and somatic cell nuclei, respectively. Results: Disruption of Gas6 expression led to the inhibition of HS biosynthesis through the reduction of several HS biosynthetic enzymes. The rescue experiment, HS treatment in vitro, significantly recovered SCD and PN formation, confirming that HS had the ability to induce sperm head remodeling during fertilization. Interestingly, excessive mitochondrial activation in Gas6-depleted MII oocytes caused ROS generation and glutathione (GSH) degradation via mitochondrial activation, such as elevated ΔΨm and ATP production. Indeed, HS-treated NIH3T3 cell nuclei showed an open chromatin state, as determined by diffuse DAPI staining and increased sensitivity to MNase. Conclusion: We propose that the addition of HS to sperm and/or oocyte maturation would improve the efficiency of in vitro fertilization and somatic cell nuclear transfer (SCNT) reprogramming.
Introduction
Oocyte maturation is a complex, distinct and linked process that includes both nuclear and cytoplasmic maturation [1, 2] . Nuclear maturation and meiotic division involve germinal vesicle breakdown (GVBD), reconstruction of chromatin and microtubules, chromosome separation, and extrusion of the first polar body; oocytes are arrested at metaphase II until fertilization [3, 4] . Additionally, cytoplasmic maturation mainly involves redistribution of organelles and storage of transcripts, proteins, transcription factors, substrates, and nutrients during oocyte growth and meiosis that are required for ensuring the progression of fertilization and early embryo development [5, 6] . Although nuclear maturation is completed, insufficient cytoplasmic maturation of the oocyte will fail to progress sperm chromatin decondensation (SCD) and male pronuclear (PN) formation after fertilization [7, 8] . In this matter, the types and functions of the stored materials in the ooplasm are of key interest for the maturation process in oocytes and of fundamental importance for fertilization and early embryogenesis [2] .
In successful fertilization, by entering the ooplasm, a sperm nucleus undergoes a series of structural changes that eventually lead to the formation of male PN and syngamy with female PN. The first visible structural change of fertilization is SCD [9] . This event involves the following two essential processes in vivo: reduction of disulfide bonds in sperm protamines and replacement of the majority of sperm protamines by maternally derived histones [10] . During SCD in mammals, protamine disulfide bonds are reduced by abundant oocyte glutathione (GSH), the disulfide bond reducer [11] . However, protamine disulfide bond reduction by GSH is insufficient for SCD [12] . Protamine, a positively charged compound, is a major nuclear protein in the nuclei of mature sperm and is necessary for the high condensation of the genome. Protamine must be removed from sperm DNA. This process requires negatively charged molecules in oocytes. In amphibians and Drosophila, nucleoplasmin (Npm) family proteins, including Npm1, Npm2, and Npm3, were identified in egg extracts and are thus responsible for SCD [13, 14] . In mice, Npm is expressed in oocytes and involved in SCD [15] . Despite disruption of Npm2 in mouse oocytes using a knock-out approach, Npm2 silencing resulted in normal SCD and PN formation following fertilization [16] . To date, the mechanism of protamine-to-histone exchange during SCD is unknown.
Growth arrest-specific gene 6 (Gas6), a 75 kDa secreted protein, was first identified in 1988 [17] . Gas6 binds receptor tyrosine kinases (RTKs), which comprise Tyro3, Axl and Mertk (referred to as TAM). To date, numerous experimental studies have reported essential roles of Gas6 and its TAM receptors in thrombosis, pregnancy, apoptosis, proliferation, inflammation, migration and sepsis [18] . Moreover, Gas6 and TAM play a pivotal role in the development of multiple types of cancers, such as ovarian, prostate, oral, pancreatic and renal cancers. Recently, Gas6 and TAM have been identified as attractive targets for cancer therapy [19] . However, there has been only one publication regarding the function of Gas6 in reproduction, in which the roles of Gas6 in oocyte maturation and fertilization were identified. We first demonstrated Gas6 expression in oocytes [8] and reported that silencing of Gas6 expression in oocytes impaired cytoplasmic maturation independent of maturation promoting factor (MPF) activity, resulting in the failure of Ca 2+ excitability, cortical granule exocytosis, SCD and PN formation after fertilization. Based on our previous results, we proposed Gas6 as new mammalian maternal effect gene [8] .
We found that the disruption of Gas6 in oocytes resulted in the failure of sperm nuclear remodeling [8] . Chan et al. [20] reported that the DNA methylation dynamics of the promoters of six genes (Armc12, Dak, Fscn2, Lcn2, Ndst1 and Theg) are common during remodeling and reprogramming. Among these six genes, Gas6 silencing resulted in a marked reduction in Ndst1 (N-deacetylase/N-sulfotransferase 1), the first modification enzyme producing heparan sulfate (HS). HS, a member of glycosaminoglycans (GAGs), is produced by virtually all types of cells, including human and mouse oocytes [21, 22] . Indeed, HS is highly negatively charged by sulfate and carboxyl groups, which bind to positively charged protamine [23] .
Reagents
Chemicals and reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise noted.
Oocyte isolation
To isolate GV oocytes, three-week-old female ICR mice were injected with 5 IU pregnant mare's serum gonadotropin and sacrificed 46 hours later. Isolated ovaries were punctured in M2 medium containing 0.2 mM 3-isobutyl-1-methyl-xanthine (IBMX), and COCs were collected. Cumulus cells were mechanically retrieved from oocytes by repeated extraction via a fine-bore pipette. To obtain oocytes in other stages, GV oocytes were cultured in M16 medium without IBMX in 5% CO 2 at 37°C. Oocytes were obtained after 2 hours (GVBD), 8 hours (MI), and 16 hours (MII) in culture. Isolated oocytes were snap-frozen and stored at −70°C prior to RNA isolation.
Microinjection and in vitro culture
For RNAi experiments, we prepared GFP and Gas6 dsRNA as previously described [8] . GV oocytes were microinjected with dsRNA in M2 medium containing 0.2 mM IBMX. An injection pipette containing dsRNA and/or HS and GSH solution was inserted into the cytoplasm of an oocyte, and 10 pl of dsRNA was microinjected using a constant flow system (Transjector; Eppendorf, Hamburg, Germany). The oocytes were cultured in M16 medium containing 0.2 mM IBMX for 8 hours, followed by culture in M16 alone for 16 hours in 5% CO 2 at 37°C. After the RNAi experiments were completed, in vitro maturation rates and morphological changes were recorded as previously described [8] .
Messenger RNA isolation and RT-PCR Oocyte mRNA was isolated using a Dynabeads mRNA DIRECT kit (Dynal Biotech ASA, Oslo, Norway) according to the manufacturer's instructions. Briefly, oocytes were suspended with lysis/binding buffer and mixed with prewashed Dynabeads oligo dT 25 . After RNA binding, the beads were washed with buffer A twice, followed by buffer B, and mRNA was eluted with Tris-HCl by incubation at 73°C. Purified mRNA was used as a template for reverse transcription with an oligo (dT) primer according to the MMLV protocol. PCR was performed with single oocyte-equivalent cDNA and primers (Table 1) . Then, the PCR products were separated by electrophoresis on a 1.5% agarose gel and analyzed using a Gel Doc TM EZ Imager (BioRad, Hercules, CA, USA). Relative gene expression levels were normalized to the expression of H1foo. All experiments were repeated three times.
Quantitative real-time RT-PCR in oocytes
Quantitative real-time RT-PCR was performed with a single-oocyte-equivalent amount of cDNA and gene-specific primers (Table 1) , as previously described [27] , using an iCycler iQ™ Detection System (Bio-Rad). iQ SYBR Green Supermix PCR reagents (Bio-Rad) were used to monitor amplification, and the results were analyzed using iCycler iQ™ proprietary software. The melting curves were used to identify any nonspecific amplification products. H1foo was used as a control. The relative expression levels of the target genes were evaluated using the comparative C T method, and all analytical procedures were repeated at least three times.
Immunofluorescence staining
After the enzymatic removal of HS from the oocyte surface by heparinase II, denuded GV oocytes were placed in PBS containing 0.1% polyvinyl alcohol (PBS-PVA), 4% paraformaldehyde, and 0.2% Triton X-100 and then fixed for 40 minutes at RT. After the oocytes were washed in PBS-PVA, fixed oocytes were blocked with 3% BSA-PBS-PVA for 1 hour and then incubated with mouse anti-HS antibody (1:100, MAB2040; EDM Millipore, Billerica, MA, USA) at 4°C overnight. After the oocytes were washed, they were incubated with an Alexa Fluor 488-conjugated secondary antibody (Molecular Probes, Eugene, OR, USA) for 1 hour at RT.
Western blot
To confirm protein expression, Western blotting was performed as previously described [8] . Briefly, protein extract was separated using 10% SDS-PAGE and transferred onto a PVDF membrane (Amersham Biosciences, Piscataway, NJ). After blocking, the membrane was incubated with antibodies against Gas6 (1:1000), HS (1:1000), Ext2 (1:1000; ARP44277, Aviva system biology, San Diego, CA, USA), Ndst1 (1:1000; 
In vitro fertilization
Sperm were collected from the caudal epididymides of 8-week-old male ICR mice (Koatech). The sperm were incubated in M16 medium for 1 hour to allow capacitation. After the zona pellucida (ZP) was removed using Tyrode's solution (pH 2.5), ZP-free MII oocytes were then placed in a 200 μL droplet of M16 medium under mineral oil and inseminated with 2.5×10 4 /mL sperm. After 2 hours, the oocytes were washed to remove unbound sperm and cultured in M16 medium for 5 hours (37°C, 5% CO 2 ) to observe PN formation.
In vitro SCD
A sperm chromatin decondensation assay was performed as previously described [28] . Approximately 5×10 5 sperm were incubated in M16 medium with 10 mM GSH, 10 μg/mL HS and 64 μM heparin, either as single agents or in combination, in 5% CO 2 at 37°C. After 24 hours of incubation, sperm DNA stained with DAPI was observed under a laser scanning confocal microscope (LSCM; Leica, Wetzlar, Germany). Head length and width for each sperm were calculated using LAS AF Lite software (Leica).
Determination of mitochondrial membrane potential (ΔΨm) by JC-1
To measure oocyte mitochondrial activity, ΔΨm assays were performed using the ΔΨm-sensitive fluorescent probe JC-1 (Thermo Fisher Scientific). Oocytes were cultured in the dark for 20 minutes in the presence of JC-1 at a concentration recommended by the manufacturer (1 µg/mL) and subsequently imaged on an LSCM using the fluorescein isothiocyanate (FITC, green) and rhodamine isothiocyanate (RITC, red) channels. Two fluorescent images (green and red fluorescence) were acquired in the largest diameter plane of the oocytes. The signal intensities and the ratio of RITC to FITC for each oocyte were calculated and used as the endpoint for the ΔΨm using LAS AF Lite software
Measurement of ATP content
The ATP content in 40 oocytes in each group was measured using a Bioluminescent Somatic Cell Assay Kit (FL-ASC) based on the luciferin-luciferase reaction as previously described, with minor changes [29, 30] . The bioluminescence of each sample was measured using a luminometer (Centro XS3 LB 960; Berthold Technologies, Bad Wildbad, Germany), and an 11-point standard curve (containing 0 to 5.0 pmol ATP) was included in each assay. The ATP content in the oocytes was expressed as pmol/oocyte.
Evaluation of GSH, GSSG and ROS levels
To measure reduced glutathione (GSH) and oxidized glutathione (GSSG), we used an EnzyChrom™ GSH and GSSG Assay Kit (EGTT-100; Bioassay Systems, Hayward, CA, USA) according to the manufacturer's instructions. ROS were measured using an Oxiselect ROS assay kit (STA 342; Cell Biolabs, San Diego, CA, USA) following the manufacturer's protocol. Upon cleavage of acetate groups by intracellular esterase and oxidation, 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) is converted to 2′,7′-dichlorofluorescein (DCF). DCF is a highly fluorescent compound that can be detected by fluorescence spectroscopy using excitation and emission wavelengths of 480 nm and 530 nm, respectively. In brief, oocytes were incubated with DCFH-DA in M16 media for 1 hour at 37°C. Oocytes were then washed twice in PBS-PVA, and fluorescence intensity was quantified by a microplate reader (Infinite M200 PRO; Tecan, Männedorf, Switzerland).
Nuclei decondensation assay NIH3T3 nuclei were isolated using a Nuclei EZPrep Nuclei Isolation Kit (NUC101) according to the manufacturer's instructions. Nuclei were incubated in the presence or absence of 10 µg/mL HS. After 3 hours, DNA and Lamin stained with DAPI and Lamin A/C (1:100; #4777, Cell Signaling Technology), respectively, were observed under LSCM. Nuclei area was calculated using LAS AF Lite software. 
Micrococcal nuclease (MNase) digestion
After incubation of NIH3T3 nuclei with 10 µg/mL HS, nuclei were isolated with brief centrifugation and digested with 3 U MNase at 37°C for an appropriate amount of time. DNA was isolated by phenol:chloroform extractions and ethanol precipitation and subjected to 1.8% agarose gel electrophoresis and analyzed using a Gel Doc TM EZ Imager.
Statistical analysis
Each experiment was repeated at least three times, and statistical analyses were performed using Student's t-test. Data were derived from at least three separate and independent experiments and expressed as the mean ± SEM. The p values were calculated based on a paired t-test of the means from the control or GFP RNAi group and the treatment or Gas6 RNAi group, and p<0.05 was considered statistically significant.
Results

Depletion of Gas6 disrupts the expression of Ndst1 mRNA in oocytes
Previously, we found that disruption of Gas6 led impaired SCD, a signature of insufficient cytoplasmic maturation, indicating failure of remodeling after fertilization [8] . It has been reported that the promoter dynamics of six genes (Armc12, Dak, Fscn2, Lcn2, Ndst1 and Theg) are shared in reprogramming and remodeling [20] .
Therefore, we checked the effects of Gas6 silencing on the expression of these six genes related to reprogramming and remodeling. Transcripts of four genes (Armc12, Dak, Fscn2 and Ndst1) were found throughout meiosis (Fig. 1A) . Specifically, Dak and Ndst1 mRNAs were gradually decreased during meiosis (Fig. 1A) , while the expression of Armc12 and Fscn2 transcripts was maintained from the GV to the GVBD stage and abruptly reduced at the MI stage (Fig. 1A) . The results of PCR experiments showed that transcripts of Lcn2 and Fig. 1 . Gas6 affects the expression of 6 genes with promoter dynamics that are common in SCNT and natural fertilization in the formation of embryos. (A) Typical gene expression pattern of 6 genes during oocyte maturation. The mRNA equivalent to a single oocyte taken after in vitro culture for 0 (GV), 2 (GVBD), 8 (MI) and 16 hours (MII) and was used as a template for the amplification of each gene. H1foo was used as an internal control. (B) Primers for Lcn2 and Theg, whose PCR products were undetected in oocyte cDNA, were confirmed by checking target gene expression using cDNAs from isolated ovaries and testis, respectively. M, molecular marker. (C) Changed gene expression profiles after Gas6 silencing in MII oocytes. Expression levels in a single oocyte were calculated from the C T values after normalization to H1foo. The quantitative real-time RT-PCR analysis was repeated at least three times, and the data were expressed as the means ± SEM. Among the 6 genes, the expression of Ndst1 was dramatically affected by Gas6 RNAi. The asterisks represent statistical significance at p<0.01. Control, GFP dsRNA-injected MII oocyte; Gas6 RNAi, Gas6 dsRNA-injected MII oocyte.
Theg were not detected in oocytes, whereas cDNAs from ovaries and testis were positive for Lcn2 and Theg transcripts, respectively, suggesting that the primers were correctly designed (Fig. 1B) . We also found, using quantitative real-time RT-PCR and RT-PCR analysis, that only Ndst1 transcripts were dramatically reduced in oocytes after treatment with Gas6 RNAi (Fig.  1C) . Ndst1 is the first modification enzyme of HS biosynthesis [31] . These results suggested that Gas6 is involved in producing HS in oocytes. Fig. 2A) . In the positive control, transcripts of Ndst3 and Ndst4 were clearly detected in testis cDNA (Fig. 2B) . Similar to Ndst1 transcripts (Fig. 1A) , Ext1, Ext2 and Ndst2 transcripts were markedly decreased during meiosis (Fig. 2A) . Interestingly, when oocyte surface HS was degraded by heparinase II, HS signals spread evenly throughout the entire ooplasm at the GV stage, indicating the presence of HS in ooplasm (Fig. 2C ). As shown in Fig. 2D , HS was highly expressed in GV oocytes compared with MII oocytes, indicating that HS biosynthesis and modification in oocytes might be mediated by Ext1, Ext2, Ndst1 and Ndst2 in the Fig. 2E and 2F ) and HS (Fig. 2F ) in MII oocytes after Gas6 RNAi treatment revealed decreases in these enzymes related to HS synthesis ( Fig. 2E and 2F ) and HS itself (Fig. 2F) .
Proper HS biosynthesis requires Gas6 in oocytes
We examined the expression of enzymes related to HS biosynthesis during oocyte maturation, focusing on the genes encoding the copolymerases Ext1 and Ext2 (Exostoses 1 and Exostoses 2) and first modification enzymes Ndst1 to Ndst4. The expression of Ext1, Ext2, Ndst1 and Ndst2 was detected in oocytes, while the expression of Ndst3 and Ndst4 was not (Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry © 2018 The Author(s). Published by S. Karger AG, Basel www.karger.com/cpb Kim et al.: Pivotal Factors For Nuclear
Addition of HS enhanced SCD
Due to insufficient cytoplasmic maturation, Gas6-depleted MII oocytes failed to undergo PN formation [8] . Repression of Gas6 induced reduction of oocyte-stored HS (Fig. 2E) , indicating that HS production was affected by Gas6. Therefore, we examined whether HS had any effect on SCD. To verify the effect of HS on SCD, we incubated mouse sperm in the presence or absence of HS. Heparin is known as a sperm-decondensing agent [32] . GSH is also known as a disulfide-reducing agent [33] . Heparin and GSH, which is known to induce SCD, were used as positive controls (Fig. 3) . As shown in Fig. 3A , sperm nuclei were decondensed in the presence of HS with or without GSH. Specifically, the length (Fig. 3B) and width (Fig. 3C ) of sperm heads were significantly increased with HS alone (HS, closed bar) or GSH combined (HS+GSH, striated bar) treatment compared with the control group (open bar, Fig. 3B and  3C ). These results suggested that HS had the ability to promote decondensation of sperm nuclei in vitro.
Addition of HS partially rescued impaired PN formation after Gas6 disruption
To determine whether HS would rescue failed PN formation due to reduction of Gas6 expression, we added HS in the medium for in vitro fertilization. Following in vitro fertilization, Fig. 4Ad-f ) exhibited a substantial percentage of PN formation after sperm penetration (Fig. 4B, striated bar) . However, similar to our previous results, all Gas6-silenced MII oocytes without HS exhibited failure of SCD and PN formation (Fig. 4Ag-i) . As expected, our results showed that the rate of PN formation in HS-treated MII oocytes after Gas6 RNAi was rescued at approximately 20% (Fig. 4Aj-l, Fig. 4B , striated bar; 0% ± 0% in Gas6 RNAi vs. 19.12% ± 3.23% in Gas6 RNAi treated with HS, p<0.01). These results indicate that HS treatment partially rescued Gas6 silencing-induced SCD during in vitro fertilization.
Reduction of Gas6 led to increased reactive oxygen species (ROS) and deceased GSH by overactivation of mitochondria
Either low levels or excessively high levels of ATP in oocytes are harmful to fertilization and early embryo development [34, 35] . Having shown that reduction of Gas6 inhibits fertilization with impaired SCD and PN formation, we asked whether metabolic activity is affected in Gas6-depleted oocytes. To address this question, we measured intracellular ATP levels using a bioluminescence assay. Compared with GFP dsRNA-injected control oocytes, disruption of Gas6 resulted in significantly increased ATP levels (Fig. 5A) . Furthermore, compared with control oocytes, Gas6-depleted MII oocytes exhibited a significantly elevated mitochondrial membrane potential (ΔΨm; Fig. 5B and 5C ), indicating overactivated mitochondrial function. Mitochondria are major generators of ROS and concurrently one of the main targets of ROS-induced oxidative damage [36, 37] . Thus, we determined whether Gas6 depletion also affects ROS generation in oocytes. In Gas6-silenced MII oocytes with increased ATP levels and elevated ΔΨm, we detected increased levels of mitochondrial ROS (Fig. 5D) . These results indicate the role of Gas6 in the regulation of metabolic activity Cellular Physiology and Biochemistry during oocyte maturation. GSH in MII oocytes plays a well-known and important role in male PN formation after fertilization [33] . Hence, we assessed the levels of intracellular GSH in Gas6-depleted MII oocytes, and we found decreased GSH levels ( Fig. 5E ) and GSH/GSSG ratio (Fig. 5F ) by over 2 folds. These data suggest that Gas6 reduction causes inadequate GSH biosynthesis during oocyte maturation. Taken together, mitochondrial overactivation in Gas6-depleted MII oocytes caused increased ROS and decreased GSH with elevated ΔΨm and increased ATP levels.
Addition of HS and GSH overcame the rate of PN formation
We hypothesized that failure of PN formation in Gas6-depleted MII oocytes was due to the attenuation of HS and GSH levels in response to decreased Gas6. To further examine whether HS and GSH could rescue the defect in PN formation caused by Gas6 silencing, we increased HS and GSH levels by co-injection with Gas6 dsRNA. Following in vitro fertilization, we observed the PN formation rates of GFP dsRNA-injected control oocytes treatment without (Fig. 6Aa-b, Fig. 6B ; GFP RNAi alone, open bar) or with HS and GSH (Fig. 4Ac-d,  Fig. 6B ; GFP RNAi treatment with HS and GSH, gray bar). We found no significant change in the rate of PN formation between these two groups ( Fig. 6B; 46 .51% ± 1.83% in GFP RNAi vs. 53.75% ± 1.91%) in GFP RNAi-treated oocytes. By contrast, after treatment with Gas6 RNAi, we found that microinjection of HS and GSH could overcome the failure of SCD and PN formation induced by Gas6 reduction (Fig. 6 ). With microinjection of HS and GSH, approximately 43.78% ± 0.97% of Gas6-silenced oocytes exhibited PN formation after in vitro fertilization ( Fig. 6B; striated bar) . Interestingly, the percentage of PN formation of these oocytes was not significantly different from that of the GFP dsRNA-injected group (Fig. 6B) . These results indicate that PN formation was significantly increased after microinjection of HS and GSH into Gas6-silenced oocytes and that inhibition of PN formation caused by Gas6 depletion can be rescued by addition of HS and GSH.
HS unties the chromatin architecture of somatic cell nuclei DNA methylation dynamics of the Ndst1 promoters are common in SCNT and natural in vitro fertilization [20] , indicating that Ndst1 is involved in both remodeling and reprogramming. We found that inadequate HS biosynthesis due to decreased Ndst1 by Gas6 disruption leads to failure of SCD and remodeling. HS may also contribute to the regulation of reprogramming. Thus, we tested whether HS is required for reprogramming, specifically for chromosome decondensation of the somatic cell nuclei. We isolated nuclei from NIH3T3 cells and incubated them with HS for certain time periods. As shown in Fig. 7A , approximately 60 minutes after incubation with HS, nuclei started to swell, which resulted in a significant increase in the area of nuclei stained by Lamin A/C (Fig. 7B, white dot circles) . We calculated an ~2 folds increase on average in nuclei area following exposure to HS (Fig.  7C ). After we confirmed HS induction of nuclear decondensation, we tested the effect of HS on the chromatin architecture. We performed MNase digestions with chromatin in somatic nuclei treated with or without HS. As expected, we found more DNA fragments that appeared faster, especially at the level of low molecular weight DNA fragments after HS treatment. As shown in Fig. 7D , the digestion of chromatin by MNase treatment processed chromatin chopping faster in nuclei with HS treatment. Upon HS treatment, digestion was virtually completed down to the mononucleosome size at approximately 20 minutes, indicating that HS increased the accessibility of chromatin to MNase (Fig. 7D) . These results indicate that somatic cell nuclei or sperm heads require an appropriate concentration of HS in the oocyte cytoplasm for the maintenance of the open chromatin state to improve the success rate of SCNT or normal fertilization, respectively.
Discussion
Cytoplasmic maturation of oocytes refers to the acquisition of the ability to complete fertilization and early embryogenesis [6] . Cytoplasmic maturation is composed of various changes within oocytes, including accumulation of mRNA and proteins, reorganization of cytoskeleton and organelles, and changes in metabolism [38] . We have previously shown that Gas6 is a mammalian maternal effect gene and is critical for cytoplasmic maturation and normal fertilization, especially Ca 2+ excitability, cortical granule exocytosis, SCD and PN formation [8] .
In the present study, we first found that depletion of Gas6 in oocytes resulted in impaired HS biosynthesis via reduction of enzymes related to HS biosynthesis and confirmed our findings by adding HS to rescue the rate of PN formation in Gas6-silenced oocytes. Furthermore, the loss of functional Gas6 resulted in ROS generation and GSH degradation through mitochondrial overactivation. Our results suggested that the biosynthesis and accumulation of HS and GSH in oocytes are required for sufficient cytoplasmic maturation for the decondensation of sperm head chromatin structure and PN formation in oocytes.
HS is assembled as copolymers of GlcNAcα4 (N-acetylglucosamine) and GlcAβ4 (glucuronic acid) by Ext1 and Ext2 in the Golgi network, using amino sugars imported into the Golgi from the cytoplasm [39] . As chains polymerize, they undergo a series of modification reactions involving GlcNAc N-deacetylation and N-sulfation by Ndst1 to Ndst4, epimerization of GlcA to IdoA by C 5 -epimerase, and O-sulfation by three families of sulfotransferases, such as 2-O-sulfotransferase, 6-O-sulfotransferase, and 3-O-sulfotransferase [40, 41] . The lack of modification by Ndst results in HS losing its biological activities due to a lack of subsequent modification, such as epimerization, 2-O-and 3-O-sulfation [31] . HS is a highly sulfated polysaccharide containing sulfated N-S domains and low sulfated N-A domains. The N-S domains exhibit high binding affinity to proteins, growth factors, chemokines, interleukins, enzymes, extracellular matrix, and plasma proteins. Ndst1 also determines the formation of N-S domain sulfation pattern mapping of HS [31, 40] . We confirmed that Gas6 disruption leads to down-regulation of both mRNA and protein levels of Ndst1 in oocytes and consequently lower levels of HS. However, how Gas6 controls HS synthesis was not revealed in the present study, and further studies are required to address this issue.
One of the criteria for oocyte cytoplasmic maturation is the ability to decondense sperm chromatin during fertilization and to transform it into male PN [42] . Mature sperm DNA is tightly packed by positively charged protamines. Two forms of protamines in mammals, protamine 1 (P1, RPM1) and protamine 2 (P2, RPM2), are known to be essential for nuclear formation condensation, sperm DNA stability, protection of genetic message, and fertility [43, 44] . P1 is present in most mammals and is synthesized as a mature protein containing arginine-and cysteine-rich domains. P2 is present in a few mammals and is synthesized as a precursor that contains less cysteine and more histidine than P1 [45] . After binding to DNA, both protamines can form disulfide bonds and zinc bridges, which results in the stabilized nucleoprotamine complex [46] . To date, the nature of the molecule required for the process of protamine replacement by oocyte-derived histone was still unknown. Some previous studies have reported that HS in concert with GSH leads to SCD induction in human spermatozoa [22, 28, 47] . The results of the present study are in line with these previous studies, demonstrating that HS was expressed in the mouse ooplasm and induced chromatin accessibility during SCD. However, we did not show a direct association between HS and protamine during SCD. Therefore, further studies are required to determine whether HS binds directly to protamine to promote fast and significantly increased protamine-to-histone exchange.
HS and heparin, a member of GAGs, play pivotal roles in various biological processes, such as regulating blood coagulation and assisting with bacterial and viral infections in the immune and inflammatory system and embryo development [40] . Upon GSH treatment, heparin has strong binding affinity for protamine and sperm decondensing activity in mammals [23, 48] . Heparin, a negatively charged compound, is made by secretory granules of mast cells, whereas no heparin is found in cumulus-oocyte complexes (COCs) and granulosa cells. In contrast, HS, a negatively charged polysaccharide with a qualitatively similar function and structure to heparin, is produced in all types of cells, including oocytes [21, 22] . We also found that HS has the ability to decondense sperm chromatin. Due to the highly negative charge and decondensing ability for sperm chromatin of HS in oocytes, we propose that HS is candidate that binds to protamine and removes protamines from sperm DNA during SCD.
Good quality oocytes containing sufficient levels of ATP and an optimal number of mitochondria produce better quality blastocysts after fertilization [49] . However, excessively high levels of ATP in oocytes impair ATP consumption, leading to low fertilization rates and subsequently decreased developmental ability [34, 35] . We showed that Gas6-silenced MII oocytes had elevated ΔΨm and correspondingly high cytoplasmic ATP levels with concurrent failure of PN formation. These results suggest that proper levels of cellular ATP in MII oocytes is one of the key factors determining fertilization and early embryo development, and Gas6 is associated with ATP production and HS production. When mitochondria produce excessive ATP, they also release ROS, and ROS oxidatively damage mitochondrial DNA (mtDNA), impair mitochondrial function, and contribute to free radical formation [38, 50] . In the current study, excessive mitochondrial ATP production in MII oocytes by Gas6 RNAi led to the generation of ROS. These results suggest that unusually high levels of ATP during oocyte maturation may indicate an overactivation of mitochondrial function regulation in oocytes and adversely affect oocyte quality. The molecular mechanism that leads to mitochondrial dysfunction in association with Gas6 signaling should investigated next.
GSH synthesis occurs throughout oocyte maturation, and GSH concentrations reach a peak level at the MII stage. GSH in oocytes reflects the maturity of the cytoplasm and regulates oogenesis, fertilization, embryonic development, and especially SCD and male PN Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry formation after fertilization [33] . Thus, GSH is an important cytoplasmic factor, and lower levels of GSH in oocytes result in reduced fertilization ability and developmental competence.
In this study, we found that Gas6-silencing resulted in reduction of GSH content and the GSH/ GSSG ratio in MII oocytes, and this decreased GSH concentration is one of the reasons for failure of PN formation following sperm entrance in the Gas6-deficient MII oocytes. To the best of our knowledge, this study is the first observation of these roles of Gas6 in association with mitochondrial function and GSH production in mouse oocytes. The molecular signaling between Gas6 and these physiological and cellular functions should be studied in the near future.
Oocytes can decondense the sperm head and remodel parental genomes during fertilization [51] . Additionally, oocytes can reprogram the epigenetic status and gene expression of somatic cell nuclei during SCNT. In other words, oocytes have an ability to reprogram sperm chromatin to a totipotent state and somatic cells to a pluripotent state [20] . These processes highly depend on the inherent quality of oocytes because the oocytes provide the space and accumulated maternal factors for remodeling and reprogramming. Oocyte cytoplasmic maturation is mainly regulated by the expression of maternal factors in the ooplasm [52] . Thus, the quality of oocyte cytoplasmic maturation is one of the essential factors in the efficiency of normal remodeling and reprogramming [53, 54] . Recently, because Fig. 8 . Gas6 is a key factor for oocyte cytoplasmic maturation for the remodeling of sperm heads as well as for the reprogramming of somatic cell nuclei. During oocyte maturation, appropriate ATP and ROS production with normal mitochondrial activity was controlled by Gas6, which consequently maintained a high level of GSH in oocytes. In addition, Gas6 is required to maintain normal expression of HS biosynthesis enzymes, such as Ext2, Ndst1 and Ndst2. Normal oocytes exhibit high HS production with normal Gas6 expression in oocytes. Thus, Gas6 is very important for cytoplasmic maturation of oocytes, fertilization, and PN formation. In addition, this study showed the ability of HS to loosen the condensed chromatin of somatic nuclei. Therefore, we suggested that HS may improve the efficiency of SCNT. In conclusion, we report that Gas6 is an essential maternal factor for remodeling and reprogramming in oocytes.
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry embryonic stem cells (ESCs) are established from SCNT-generated blastocysts, SCNT is promising approach for human therapeutic purposes in regenerative medicine. However, the success rate of obtaining ESCs is very low using the SCNT technique due to undefined reprogramming defects. Successful SCNT is strongly dependent on oocyte quality, especially cytoplasmic maturity [55] . In our previous study, we found for the first time that Gas6 is important for oocyte cytoplasmic maturation [8] . In this serial study of Gas6 function in oocytes, we found that HS plays a role in remodeling/reprogramming chromatin of sperm heads and somatic cells, respectively, under the influence of Gas6, and our results could be very useful for applications in stem cell research fields. The addition of HS may help increase the success rate of generating precious patient-specific SCNT-derived ESCs for future cell replacement therapy.
Conclusion
Our findings suggest that Gas6 is essential in maintaining the proper mitochondrial function and biosynthesis of HS and GSH, which are required for normal SCD and PN formation, mainly for the sufficient cytoplasmic maturation of oocytes (Fig. 8) . We also found that HS is required for the establishment of the open chromatin state in somatic cell nuclei (Fig. 7) . Therefore, we propose that the addition of HS to sperm and/or oocytes may improve the fertilization rate in human IVF and may rescue the cycles in patients with a history of total fertilization failure. We also suggest the possibility that HS supplementation may enhance the efficiency of SCNT reprogramming by modifying the chromatin architecture of donor nuclei.
